T his paper models and quantifies the cost-savings potential of production systems that collect, remanufacture, and remarket end-of-use products as perfect substitutes while facing the fundamental supply-loop constraints of limited component durability and finite product life cycles. The results demonstrate the need to carefully coordinate production cost structure, collection rate, product life cycle, and component durability to create or maximize production cost savings from remanufacturing.
Introduction and Literature Review
The scope of supply chain management has started to extend beyond the delivery of the product to the final user. Take-back legislation based on extended producer responsibility, such as the European end-oflife vehicle (ELV) and waste electrical and electronic equipment (WEEE) Directives, rising customer expectations regarding product return policies and environmental product stewardship, and a steady growth in third-party take-back enterprises, means that original equipment manufacturers (OEMs) increasingly need to manage their products from cradle to grave. In response to these managerial needs, the study of closed-loop supply chains has emerged as a new research area (Dekker et al. 2004 , Flapper et al. 2005 . Its subjects are the reverse supply chains created by commercial, warranty, end-of-use, and end-of-life product returns and their relationships with the traditional forward supply chains (Blackburn et al. 2004, Guide and Van Wassenhove 2003) . This paper focuses on the increasing flow of end-of-use returns, that is, products that have reached the end-of-use phase but still contain significant amounts of value added, such as components that can be reused for manufacturing products with original functionality. Product returns are called end-of-life when reuse is not possible, and the only way to recover value is energy recovery, material recycling, or possibly reusing components for applications with lower specifications, such as PC chips for children's toys.
In this paper, we are concerned with the economics of remanufacturing, defined as value recovery from collected end-of-use products through reusing their durable components for the manufacturing of a product with the original functionality. Remanufactured and new products may be perfect substitutes (e.g., single-use cameras) or may compete with one another (e.g., Xerox's Green Line) with the risk of cannibalization. That remanufacturing can be profitable has been well documented (Ayres et al. 1997 , Lund 1983 . Remanufacturing toner cartridges is a $3 billion industry, and several thousand third-party remanufacturers compete with the OEMs (Ginsburg 2001) . For manufacturers of single-use cameras, the economic net effect of reusing components has been positive (Behrendt et al. 1999 , Kodak 1999 , and Xerox's remanufacturing program saved almost $200 million in materials and parts costs in less than five years (Davis 1996) .
Much of the closed-loop supply chain research is characterized by a relatively compartmentalized approach and a strong emphasis on operational issues such as material resource planning (Ferrer and Whybark 2001) , scheduling and shop floor management (Guide et al. 1997 (Guide et al. , 1998 , inventory control ( Van der Laan et al. 1999 , Toktay et al. 2000 , logistic network design (Fleischmann 2001) , and routing (Beullens 2001) . Good overviews of this literature are provided by Fleischmann et al. (1997) , Guide et al. (1998) , Guide (2000) , and Dekker et al. (2004) . This research has considerably advanced the field but has two major shortcomings: It fails to analyze the reverse supply chain as a business process and does not consider the integrated nature of remanufacturing systems (Guide et al. 2003a) .
A few recent papers deal with the economics of remanufacturing. However, these studies are typically based on very simple models of remanufacturing operations and ignore the basic constraints on remanufacturing supply. Atasu et al. (2005) and Ferguson and Toktay (2005) consider the collection rate, and Majumder and Groenevelt (2001) considers the quantity of returns as exogenous parameters that define the remanufacturing supply. Savaskan et al. (2004) uses the collection rate as a decision parameter and assumes that all collected products can be remanufactured. Research combining a strategic view with more sophisticated models of supply-loop constraints such as limited product durability and remanufactured product demand is only just emerging (Debo et al. 2005 , Guide et al. 2003b .
We contribute to this emerging stream of literature by investigating the profitability of remanufacturing under basic supply-loop constraints such as accessibility of end-of-use products (collection rate), technical feasibility of remanufacturing (durability), and market demand for remanufactured products (life cycle). We also study how these constraints interact with each other and with the cost structure of a production system with remanufacturing. For example, even when remanufacturing a used product is less expensive than manufacturing a new one, it makes little sense to invest in more durable, remanufacturable products if collection rates are low or the used products return after the life cycle. Sharpening our intuition concerning those interactions, which are not always obvious, is one of the major contributions of our simple analytical models.
As a natural starting point, we consider an OEM that has the option to collect and remanufacture products after the end-of-their-use phase. The remanufactured product is a perfect substitute for the all-new one, which means that at identical prices customers derive the same utility from both. Section 2 develops the basic economic model for such a production system. In §3, we identify durability of the product relative to the time a product is used by a consumer as the main technical constraint for remanufacturing and introduce a simple model for it. In §4, this model is combined with the economic model, which allows us to analyze the economic impact of the interactions between cost structure, collection rate, and limited component durability. In §5, we establish that the market demand for a remanufactured product is limited even when it is a perfect substitute for the all-new one. This constraint on product demand is created by a finite product life cycle, defined as the total time span between product launch and market withdrawal. We develop a product life cycle model that enables us to quantify this constraint with a closed-form expression. Section 6 combines these results with the economic model from §2, showing how cost structure, collection rate, and product life cycle interact to determine the economics of remanufacturing. Finally, §7 investigates remanufacturing systems that are constrained by both limited component durability and finite product life cycles. A simple but powerful heuristic shows how our research helps managers develop intuition and how it can be applied directly to specific problem instances. Section 8 concludes this paper with a summary of our findings and a brief discussion on how our approach can be extended to accommodate different remanufacturing environments.
Basic Economic Model of Product
Remanufacturing Figure 1 shows our basic economic model of production systems with end-of-use product take-back and remanufacturing of a perfect substitute. The model contains four different groups of operations-manufacturing, collection, remanufacturing, and disposalthat are distinguished by their different types and quantities of product inflows and outflows. The take-back scheme of the manufacturer collects a certain percentage c of all marketed products Q after they reach the end of their useful lives with their current users. In most cases, the collection rate c will be smaller than one for the following reasons:
• the collection network does not cover all areas where products could be collected,
• the user of the product does not return the item or simply disposes of it, and
• there are third parties collecting the end-of-use products for other remanufacturing networks. Part of the collection process is an inspection, which identifies the percentage r of the collected products that can be remanufactured and remarketed. The remanufacturing yield r is limited by technical constraints, the most important of which is discussed in §3, and is also dependent on sufficient market demand, which is the subject of §5. The other part of the collected and inspected end-of-use products cannot be remanufactured and creates disposal costs for the company, which might be somewhat reduced through materials or energy recovery. The disposal of uncollected end-of-use products has to be paid by the end user, which is the business reality for practically all goods at present. In Europe, North America, and Japan, governments have introduced or are considering take-back legislation (Organisation for Economic Cooperation and Development (OECD) 1996). Even though such laws are primarily aimed at recycling and proper disposal of end-of-life products, they could also considerably change the economics of product remanufacturing, for example, by increasing access to used products or setting collection targets. The implications of such legislation are not considered at present but can be easily included in the model.
The product of the collection rate c and remanufacturing yield r, called remanufacturing rate rc, indicates the efficiency of product take-back based on remanufacturing. The remanufacturing process brings the end-of-use product back to a like-new condition, and the remanufactured product provides the customer with the same utility as the newly manufactured one. They are perfect substitutes on the market, and the total demand Q can thus be satisfied with any mix of manufactured and remanufactured products. In this quasi-static description of the system, the flow variables show no time dependency. To introduce time dependency, we express total demand as the time integral of the demand rate, Q = T 0 q t dt, T being the product life cycle. All other variables can now be expressed accordingly as time-dependent values. For most of our analysis, the operations are assumed to have constant unit costs, but the unit costs could easily be modeled as functions of the output quantities or other variables to reflect effects such as economies of scale or learning. Table 1 lists the acronyms and definitions of the unit cost parameters.
Without any product take-back and remanufacturing, the total production cost is simply C total man = QC man . If the company decides to collect and remanufacture end-of-use products as shown in Figure 1 , the total cost of satisfying market demand Q with a mix of manufactured and remanufactured products is C total reman = 1 − rc QC man + rcQC reman + cQC coll + 1 − r cQC disp . The average production cost difference
reman /Q plays a crucial role in the remainder of this paper because remanufacturing is viable only when C > 0:
This condition implies a lower bound on the remanufacturing yield:
In other words, the value of the take-back option, r C + C disp , must exceed the cost of the option, C coll + C disp . This very general condition has to be interpreted with care because it is likely that not all unit costs and flow variables are independent of each other. For instance, the unit collection cost may depend on the collection rate. In the remainder of this paper, we explore some of these interdependencies and their impact on the cost-savings potential of remanufacturing.
Modeling Limited Component Durability
One important reason why not all collected products can be remanufactured is the limited durability of its reusable components. This durability constraint to remanufacturing can be quantified by the characteristic number of times a component can be used for the same kind of product, which we call maximum number of lives n and define as n = int characteristic component life characteristic product use Component life and product use are given in the quantity best describing the use of the product (e.g., total use time, mileage, cycles, etc). For our analysis, we assume that n is constant for all components and that all collected end-of-use products can be brought back to a like-new condition until their components have been used n times. Modeling variable durability (see, e.g., Ebeling 1996) and deteriorating quality (Swan 1970 ) of the component would be a useful (1996) extension of this paper. Table 2 lists some examples for the maximum number of lives n.
To quantify the durability limit to remanufacturing, we follow a batch M of newly manufactured products through all stages of their n life cycles in Figure 2 . Recall that all collected products are remanufactured as long as they have not exceeded their maximum number of lives n. The bottom line shows the total product quantities of all life cycle stages. We assume for the moment that there is always enough market demand to absorb all products that can be remanufactured. Therefore, products leave the system only because they are either not collected at the end-of-a-use phase or their reusable components have achieved their maximum number of lives n. We also assume that the collection rate is the same for all collection cycles.
Because the remanufacturing rate rc is defined as the ratio of all remanufactured products over all sold products, and the remanufacturing yield r is defined as the ratio of all remanufactured products over all collected end-of-use products, rate and yield cannot 
exceed the following values:
It is easily seen that for c = 1, these limits to remanufacturing rate and yield can also be written as
There is an elegant alternative to calculate these limits: From Figure 1 , it follows that total demand Q is satisfied with 1 − rc Q newly manufactured products and rcQ remanufactured ones, which have already completed one or more cycles in the production system. The minimal amount of new products to be manufactured is, therefore, 1 − c Q + c n 1 − rc Q, where 1 − c Q is to compensate for leakage through imperfect collection and c n 1−rc Q replaces the losses through limited durability, that is, all products that contain components returning for the nth time. The resulting inequality 1 − rc Q ≥ 1 − c Q + c n 1 − rc Q can be readily transformed into the results above.
The durability limit to the remanufacturing rate, rc n , is an upper bound for all take-back and remanufacturing systems with limited component durability, indiscriminate collection, and unconstrained product demand, and has the following properties: Two examples illustrate the result for rc n (see Figure 3) . First, consider the electric motors used in photocopiers, which can be reused for copier remanufacturing. If the copiers are leased (i.e., c = 1) and the electric motors can be reused three times (n = 4), then maximally 75% of total demand could be satisfied with copiers containing reused motors. If the motors could only be reused once n = 2 , the maximal remanufacturing rate would drop to 50%. If the copiers were sold and the collection rate was only c = 0 3, the more durable electric motor n = 4 could achieve a remanufacturing rate of 29.4%. For the motor with less durable design n = 2 , the maximal remanufacturing rate would drop to 23.1%.
The collection system of Kodak's single-use cameras yields a collection rate of approximately 60% worldwide (Kodak 2001) . The camera frame, metering system, and flash circuit are designed to be used up to six times n = 6 (Kodak 1999). As a result, Kodak could satisfy a maximum of 58% of the market demand with cameras containing reused components. As discussed, no matter how often the camera components could be reused, the maximal possible remanufacturing rate could never exceed the collection rate of 60%, which is only 2% more than the current figure. On the other hand, if n were three instead of six, the maximal remanufacturing rate would drop below 
The Economic Impact of Limited Component Durability
Limited component durability reduces the maximum possible remanufacturing rate to the durability limit rc n , which in turn creates an upper limit for the average production cost difference
This upper limit is a nonlinear function of the collection rate c and the maximum number of component lives n. Figure 4 shows that the economically optimal collection rate for given cost structure and n can be anywhere between zero and one, even though we assume constant marginal collection cost. The reason for this slightly counterintuitive result is that the marginal cost of the take-back option, C coll + C disp , is constant for all collection rates, whereas the marginal value of the take-back option, r C + C disp , decreases with increasing collection. The decreasing marginal value is due to the fact that more and more nonremanufacturable (i.e., truly end-of-life) products are being collected and disposed of, especially if n is low. Assuming that the production cost structure is fixed and unaffected by the choice of collection rate c, maximizing C n over c corresponds to determining the minimum cost remanufacturing system design. For n = 2, the optimal collection rate maximizing C n can be easily calculated analytically:
For n > 2, no closed-form solution exists because a general polynomial equation of degree 2n would have to be solved formally, which Evariste Galois (1811-1832) proved to be impossible for degrees larger than four in his theory of algebraic equations. Optimal collection rates for n > 2, therefore, have to be determined numerically. However, using the results from §3, we are able to calculate for which n the optimal collection rate c opt n equals one. Assuming that the production cost structure is fixed and unaffected by the choice of collection rate, the first-order condition is
Because the average production cost difference is strictly concave in c and n, the optimal collection rate c opt n equals one when the following conditions are fulfilled:
For practical management purposes, it is more useful to work numerically. For the cost structure of Figure 4 , the first inequality is not satisfied and hence the optimal collection rate will be below one, no matter how durable the components. In particular, for n = 4, the optimal collection rate c opt n is 0.74, whereas for n = 10, the optimal collection rate c opt n is already as high as 0.93.
The assumption of constant unit collection cost is a reasonable first-order approach for many cases (Fleischmann 2001 ). Kodak pays a fixed amount for each returned camera to the developing laboratories (Toktay et al. 2000 , Socolow et al. 1994 , and Xerox supplies its customers with prepaid return packaging for all toner containers, print cartridges, and laser printer supplies (Tuxworth et al. 2001) . To further refine the model, however, different functional forms of the collection cost should be considered in the preceding equations. The unit collection cost is often modeled as either convex or a monotonically increasing function of c (McLaren et al. 2000 , Savaskan et al. 2004 ). Both will increase the concavity of the average production cost difference as a function of c (as shown in Figure 4 ) and, therefore, lower the optimal collection rate.
Our economic model assumes indiscriminate endof-use product collection, which is the reason for the decreasing marginal value of the take-back option. To increase the cost efficiency of the take-back program, a company may wish to collect only remanufacturable end-of-use products and refuse all others. This may not be possible, however, especially with the increase of take-back legislation such as the European WEEE Directive. Obtaining the necessary information about the remanufacturability of end-of-use products will also come at a cost (Klausner et al. 1998 ). The total value of this information is 1 − r cQ C coll + C disp , which are the cost savings of not collecting and disposing of nonremanufacturable products.
Companies deciding to engage in remanufacturing often change the product design so as to optimize the resulting financial return, and the durability level of the reusable components is one of the key decisions to be made (Murray 1995 , Kodak 1999 ). The average production cost difference is an asymptotic, highly nonlinear function of n, which enters C n as a power:
The marginal cost difference C n+1 − C n quickly approaches zero because, whereas the cost of the takeback option is independent of n, its value grows strongly with the first few increases of n but then levels off quickly. The option value, r C + C disp , is initially reduced by the rate 1 − r n , that is, the proportion of components being collected after n uses and having to be disposed of. This proportion rapidly approaches zero, that is, r n approaches one, as n increases. Increasing n beyond a certain durability level will have virtually no economic benefit (see Figure 4 bottom) , even though we assume that the unit manufacturing cost is independent of n (i.e., durability is a costless attribute of the component).
It is very likely, however, that improving component durability comes at a cost. This means that the economic benefits created by the increased remanufacturing yield need to be traded off against the higher unit manufacturing cost. Our modeling approach is well equipped to quantify this trade-off and facilitate the optimal durability choice, as shown in the following example. Assume that a power tool manufacturer engaging in product take-back and remanufacturing has the production cost structure C man n = 2 C man n = 4 C reman C coll C disp = 1 1 3 0 3 0 2 0 1 and needs to choose the durability of the reusable component, the electric motor. Figure 5 shows the average production cost for both durability choices as a function of the collection rate, C average reman = 1 − rc n C man n + rc n C reman + cC coll + c − rc n C disp . It can be seen that the benefits of increased remanufacturing because of more durable components only outweigh the higher unit manufacturing cost if a collection rate of 60% or more can be achieved. 
Modeling Finite Product Life Cycles
The amount of collected remanufacturable products may exceed their market demand. In the case of perfect substitutes, this is not due to low customer valuation but rather to the mismatch between sales rate and return rate of a particular product model. Typically, a product model is withdrawn from the market because it is replaced by new product generations, not because that type of product is no longer in demand. Because of competitive pressures and technological innovations, companies increasingly shorten the time for new product development and the time between market introductions of consecutive product generations, thereby shortening the life cycles of the product models (Billington et al. 1998 ). The marketing concept of the product life cycle describes the sales of a product model from market introduction until market withdrawal (Mahajan et al. 1993) and is formalized as a function q t , with q > 0 for 0 < t < T and q = 0 for t ≤ 0 or t ≥ T , T being the length of the product life cycle. A certain percentage of the sold products will return to the company according to a residence time distribution d t , which denotes the frequency of all customers (or the likelihood of one customer) returning the product after time interval t. The return rate at time t is now v t = t 0 q s · d t − s ds, which can be easily integrated numerically and will generally result in a curve that, relative to the sales rate q t , is shifted to the right by the mean of d t and spread according to its variance and higher moments.
For our purposes, we require a closed-form solution for v t that is simple enough to allow for analytical treatment but still contains all the essential features of time-dependent product returns. We therefore model the product life cycle as an isosceles trapezoid, which is completely described by its length T , total demand 10,000 12,000 1988 1990 1992 1994 1996 1998 Year 1988 1990 1992 1994 1996 Year 0 2,000 4,000 6,000 8,000
10,000
q t dt, and a shape parameter z ≥2 :
The shape parameter z determines the length of the maturity phase of the product life cycle and enables us to approximate many different shapes used in marketing science (Mahajan et al. 1993 , Bass 1969 . z = 2 turns the trapezoid into a triangle, and z = into a rectangle. The only limitation of our model is that the market growth and decline phases have the same length T /z. Any shape more complex than an isosceles trapezoid would require additional parameters, which would not help in developing intuition in this first analysis.
The sales data for two photocopier models in Figure 6 illustrate how the shortening of the product life cycle mentioned earlier mainly reduces its maturity phase, which turns the traditional trapezoidal shape more and more into a triangle (z = 2 in our model). Figure 7 shows the product sales and return flows based on an isosceles trapezoid as product life cycle and two more simplifying assumptions. We assume that the remarketing time t , which is the time interval between the sale of a particular product and its resale after being collected and remanufactured, is constant. We also assume that the collection rate c is constant, which can be interpreted as a constant return probability over time. A complete mathematical description of product life cycle and product returns is now given by the five parameters Q, c, T , z, and t , and it is easily seen that the rate of product returns equals
Assuming that the durability of the components is infinite n = , the shaded area in Figure 7 represents all returned products that can be remanufactured and remarketed. There is not enough demand to remarket the remainder of the returned products, and they will have to be disposed of instead. Because we assume perfect substitution, the product life cycle q t denotes the joint sales of all new and remanufactured products. Products that are collected and sold m times appear in Figure 7 as one sale of a new product and m − 1 sales of remanufactured products (located within the shaded area). If they return for an mth time, they do so outside of the product life cycle and thus have to be disposed of. The integral over the shaded area in Figure 7 divided by total demand Q is therefore an upper bound for the remanufacturing rate rc because the product life cycle is finite. In analogy to the durability limit, it will be called remarketing limit rc and is calculated as
Its closed-form solution can be derived using elementary geometry:
where = t /T . The remarketing limit to the remanufacturing yield is calculated as r = rc /c. Figure 8 shows that rc is a continuous function of the collection rate c and , which we will call the remarketing index. The remarketing limit decreases monotonically with increasing remarketing index and goes to zero as the remarketing time t approaches the length of the product life cycle T . For ≥ 1, all returned products have to be disposed of. This would typically be the case for many electric appliances and electronic goods, in which current life cycles are often less than one year (Billington et al. 1998) . For instance, when most chips become available for reuse, the PCs they were built into are no longer on the market. The chips are either disposed of with the obsolete PCs or sometimes reused in other products, such as electronic toys, for which, one could argue, they are highly overqualified.
Figure 9 (top) shows the average production cost difference as a function of the collection rate c for different values of and constant unit costs. The economically optimal collection rate with regard to between zero and one. The reason for this is similar to the one underlying the results in §4: The marginal cost of the take-back option, C coll + C disp , is constant for all collection rates, whereas the marginal value of the take-back option, r C + C disp , decreases with increasing collection. c opt optimizes the trade-off between savings through remanufacturing and costs of collecting and disposing excess end-of-use products when C / c = 0 and 2 C / c 2 < 0. For z = 2, the closed-form solution of c opt is as follows and is illustrated in Figure 9 (bottom) for a given cost structure:
If the unit collection cost is not constant but increases monotonically with the collection rate, the concavity of the average production cost difference as a function of c increases, lowering the economically optimal collection rate. Of course, it may not always be easy for the manufacturing company to control the collection rate. One assumption we made throughout the paper is for the collection rate to be constant over time. If the company could influence the collection rate over time (e.g., with financial incentives such as rebates on new sales), it would be desirable to collect more products at the beginning of the life cycle and fewer at the end. However, this may be rather difficult to achieve, especially when take-back is offered as a general customer service (i.e., customers do not have to dispose of the product themselves) or is driven by legislation.
Coordinating Collection Rate, Component Durability, and Product Life Cycle
Most real remanufacturing systems will be constrained by both limited component durability and limited market demand. In general, the upper limit for the average production cost difference is a function of c, n, , and z, and has to be calculated as
where x n t denotes the return rate of worn-out products (i.e., collected products whose components achieved all their n lives). The return rate of worn-out products x n t can be calculated numerically using the following equations:
x i t cx k−1 t − t and
Here, x k t with 0 < k < n denotes the sales rate of products that have been remanufactured exactly k times and has to be determined recursively; x 0 t denotes the sales rate of new products. Note that x n t = 0 for 0 ≤ t ≤ T as soon as n > T /t because all products returning inside the product life cycle are remanufacturable. Thus, rc n → rc for n → . Similarly, rc n → rc n for → 0. It is relatively straightforward to calculate the combined limit to the remanufacturing rate, rc n , numerically for any given c, n, , and z. Because of the interactions between sales q t , returns v t , worn-out returns x n t , and remanufactured products x k t 0 < k < n , many possible cases need to be considered to derive a closed-form solution, which is therefore tedious and offers little insight. However, upper and lower bounds for rc n can be established with the help of best and worst case scenarios. In the worst case, all collected worn-out products return inside the product life cycle, that is, with enough demand to remarket them, and none outside of it. The combined limit rc n is then the collection rate reduced by the rates of worn-out returns and the returns outside of the product life cycle, that is, c − c − rc n − c − rc . In the best case, the maximum possible amount of collected worn-out products returns outside of the product life cycle (i.e., when no demand is left). The combined limit rc n is then simply the lower of rc n and rc . In summary, rc n has the following upper and lower bounds:
To maximize the cost-savings potential of remanufacturing, collection rate, component durability, and product life cycle need to be coordinated with each other and with the production cost structure. The complexity of this decision problem is aggravated by the fact that it is not clear to what extent c, n, , and z are decision variables or given parameters, even though all of them can be influenced by the OEM. Although it is perfectly feasible to numerically determine the maxima of C n for any given variable space, it offers little insight to practitioners for the design and management of production systems with remanufacturing. Fortunately, analytical properties of the problem help us develop a heuristic that substantially simplifies the solution. For a triangular product life cycle (i.e., z = 2), which is an important life cycle shape (see Figure 6 ), the heuristic works as follows:
Step 1. Choose n or such that it satisfies the rela-
Step 2 The rationale for this heuristic is the following:
Step 1 of the heuristic implies that
Because n ≥ 2 ⇒ ≤ 0 2929, it also implies that
Observe that rc c and rc n c have identical values for c = 0 and c = 1, identical derivative for c = 1, and very similar derivative for c = 0. Because they are also concave functions of the collection rate, we obtain that
for c ∈ 0 1
Step 1 matches n and so that the durability and remarketing limits of the remanufacturing rate are approximately equal. The first reason is that rc n ≤ min rc n rc (i.e., there is no reason to have one exceed the other). The second, more important reason is that rc n is very close to its upper bound, and therefore rc n ≈ min rc n rc ≈ rc n ≈ rc . The combined limit to the remanufacturing rate is very close to the value of the matched durability and remarketing limits.
Surprisingly, both approximations work independently of the collection rate. As an example, closedloop reuse of computer chips n = 4 is already limited by the product life cycle as soon as > 1 − 3/4 ≈ 13 5%, no matter how high the collection rate. A remarketing index of about 9% would match durability and life cycle limits for Kodak's single-use cameras n = 6 . Let us define the residence time as the duration a product stays with the consumer. Similar to the definition of remarketing index, the residence index can be defined as the ratio of residence time to the length of the life cycle. If one assumes the remarketing time to be close to the customer residence time, this 9% is rather close to the residence index of 10% that is reported in the literature (Rose et al. 1998) . It is now easy to see why Step 2 of the heuristic approximately maximizes C n . From §6, we know that c opt maximizes C , and because rc n ≈ min rc n rc ≈ rc n ≈ rc , this collection rate also approximately maximizes C n .
For any given production cost structure, a takeback and remanufacturing system with component durability n, remarketing index = 1 − n − 1 / n, and collection rate c opt , will therefore approximately maximize the production cost savings offered by remanufacturing, given that the product life cycle is reasonably well modeled by an isosceles triangle z = 2 .
Computational tests (available from the authors on request) have shown the first approximation to be excellent (differences ( rc n − rc rarely exceeding 0.01), and the second approximation to be very good (differences ( rc n − rc n rarely exceeding 0.02). Given the accuracy with which these variables can be managed in industrial environments, our heuristic appears to be quite simple and robust.
For the more generic case of an isosceles trapezoid,
Step 1 of the heuristic would be to choose or n so that rc z c = 1 = rc n c = 1 . The relationship between and n would then be
Unfortunately, for z > 2 and low n values, matching the two limits independent of the collection rate results in accuracy loss in the approximation. For instance, when n = 5 and z = 3, ( rc n − rc is at most 0.027, and this error increases for higher z and lower n values. In this case, the collection rate should be taken into account to determine the relation between the durability choice and the remarketing index, which reduces the usefulness of the heuristic. Thus, for small n and large z, the complexity of the problem favors numerical techniques. This is not a big concern because, for any numerical setting, it is easy to calculate the best system parameters.
Conclusions and Future Research
In this paper, we introduce a strategic model of a production system with product take-back and remanufacturing, which is subject to two fundamental supply-loop constraints: limited component durability and finite product life cycles. A single agent, the OEM, controls the production system and has the possibility to satisfy demand with any mix of new and remanufactured products because they are perfect substitutes. Assuming that manufacturing is more expensive than remanufacturing, §2 shows that remanufacturing reduces cost if the remanufacturing yield is above a critical value.
In the remaining sections, the interactions between production cost structure, collection rate, and supplyloop constraints (first individually, later jointly) are studied. Both limited durability and the finite life cycle introduce nonlinearities in the production cost functions. The results are therefore fundamentally different from the unconstrained case. The key contribution of this paper is that we demonstrate the need to carefully coordinate production cost structure, collection rate, product life cycle, and component durability to create or maximize cost savings. We also show how to do this analytically for some important special cases.
This need for coordination greatly increases the complexity of the involved management tasks and decision processes, which could partially explain why most OEMs still tend to shy away from closing their supply chains. Numerical analysis of the models is relatively straightforward but tends to offer less insight than our analytical results, which themselves become more difficult to obtain and interpret as the model complexity increases.
Nevertheless, for the important cases of products with triangular product life cycles and products with high component durability and trapezoidal life cycles, a simple but powerful heuristic is presented. It is directly applicable as a decision tool and also helps in developing intuition for the complex task of designing and managing profitable product take-back and remanufacturing systems. Surprisingly, the heuristic is able to coordinate component durability and product life cycle independently of the collection rate, which significantly simplifies the design and management tasks. All these modeling results contribute to the sparse but much needed body of closed-loop supply chain research, which has a strategic rather than operational perspective and helps to tackle the fundamental business problems of closed-loop supply chains. We expect this literature to grow substantially over the coming years and believe that our approach has much potential for further research.
The primary objective of this paper is to develop intuition into the drivers of profitable remanufacturing. We focused on end-of-use products and made simplifying assumptions to derive insightful closedform expressions. Although we based our assumptions on actual products, more data from industry are needed to test and improve our models.
Current work in progress expands our model to situations in which new and remanufactured products are differentiated and thus compete with each other on the market as is the case with the "green line" copiers Xerox introduced in 1992 (Van Thiel 1994). Theoretically, these products might demand a price premium for their environmental benefits, but typically they are marketed as a low-cost alternative to the all-new version. The remanufactured product may now cannibalize the sales of new products but also may be able to extend the customer base of the company attracting environmentally or price-conscious customers, who previously did not consider purchasing a product of that brand (Van Thiel 1994) .
There are many other research opportunities for follow-up analysis by relaxing some of our assumptions, such as component durability, collection rate, and remarketing time being constants. A more indepth exploration of the relationship between product design and remanufacturing profit, based on our concept of supply-loop constraints, appears to be another worthwhile undertaking. Finally, reintroducing some operational details, such as scheduling or inventory management, into the strategically oriented strand of closed-loop supply chain research offers many research opportunities for helping OEMs better manage their products from cradle to cradle rather than from cradle to grave.
